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Short wet heat-treatment is presented as a new technique to release high-mass biomarkers to
obtain strain-specific fingerprints of intact bacterial spores by matrix-assisted laser desorp-
tion/ionization-mass spectrometry (MALDI-MS). Wet heat-treatment was applied for several
minutes (3–30) by two techniques using either a screw-cap tube submerged in a glycerol bath
at 120 °C or an Eppendorff-tube submerged in a water bath at 100 °C. Both techniques turned
out to be successful for releasing high-mass biomarkers. The influence of different experimen-
tal parameters and microbiological handling on the peak pattern of the released high-mass
biomarkers was studied. While the sporulation medium, the applied washing procedure, and
the choice of matrix crucially influenced the peak pattern, other parameters like storage
conditions were found to be insignificant. A protocol of optimized experimental conditions for
MALDI-MS of wet heat-treated spores is presented. (J Am Soc Mass Spectrom 2004, 15,
1444–1454) © 2004 American Society for Mass SpectrometryFor food, environmental, and medical hazard con-trol, rapid identification and characterization ofbacterial cells and spores is of great relevance and
finds large interest. Analyses of physiological and bio-
chemical traits, immunodiagnostic assays, and nucleic
acid analysis have been used to identify bacteria in the
past. Next to this, mass spectrometry (MS) has been
applied in several ways for the analysis of bacterial
cells. The first paper dates back to 1975 when gently
heat-treated bacteria were analyzed by MS [1]. Small
molecules served as biomarkers [2]. With the modern
soft ionization methods, e.g., Matrix-assisted laser de-
sorption/ionization (MALDI) and electrospray-ioniza-
tion (ESI), fragile biopolymeric marker molecules with
masses higher than 4000 u (high-mass biomarkers) have
become accessible for MS analysis. Lysates of bacterial
cells were analyzed with MALDI-MS in 1994 [3]. Sev-
eral reports about rapid identification of intact whole
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doi:10.1016/j.jasms.2004.06.017bacteria with MALDI-MS were published in the past
years [4–7]. In a recent study, Williams et al. investi-
gated the influence of experimental factors on the
analysis of whole bacteria with MALDI-MS and dem-
onstrated that various experimental parameters signif-
icantly affect the quality and reproducibility of the mass
spectra [8]. In spite of this, the implementation of MS
for the analysis of bacterial cells and spores has grown
in such a remarkable speed that commercial databases
have been developed recently for rapid screening and
identification, e.g., MicrobeLynx by Micromass/Wa-
ters.
The application of MS to bacterial spores is much
more problematic because of the complex structure of
the spores [9]. It was observed that the release of useful
biomarkers is a general problem in the analysis of
bacterial spores [10]. Different techniques have been
evaluated to improve the detection of high-mass bi-
omarkers [11, 12]. Birmingham et al. released high-mass
biomarkers from bacterial spores by pretreating the
spores with corona plasma discharge or sonication [11].
Subsequently, strong acid treatment (acidic extraction
of high-mass biomarkers) was suggested by Elhanany
et al. [12]. Using this techniques, bacterial spores couldr Inc. Received January 27, 2004
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pattern at the strain and species level [13–15]. The latest
application uses bioactive glass slides to simplify the
analysis of bacterial spores by specific surface absorp-
tion and lysing the spores with strong acids [16]. Most
techniques so far applied damage the spore wall se-
verely [11–16]. This enables the release of components
from the coat or other interior compartments on the one
hand but can cause difficulties in the subsequent ana-
lytical procedure on the other hand. Therefore, a more
convenient, less detrimental releasing technique to pre-
treat bacterial spores for mass spectrometric analysis is
desired.
In this study, wet heat-treatment will be shown as a
new, soft releasing technique for high-mass biomarkers
from intact bacterial spores which can be directly ana-
lyzed by MALDI-MS. The masses of the released bi-
omarkers acquired with a time-of-flight (TOF)
MALDI-MS instrument are compared with masses ob-
tained by other releasing techniques. The influence of
different experimental parameters on the biomarker
peak pattern is discussed in respect of literature. Pre-
liminary results of the influence of microbiological
handling on the biomarker patterns are presented.
Experimental
Materials
The following product isolates were used in this study:
Bacillus subtilis (strains MC85 and RL45), Bacillus cereus
(strain PEA26), and Bacillus sporothermodurans (strain
IC4). The strains were identified using the API50CHB
and API20E systems with the help of APILAB Plus
software version 3.3.3 (BioMérieux, Mercy, France). In
addition, the results were confirmed by sequencing
their 16S RNA. Bacteria were routinely stored in 50%
glycerol (wt/wt) at 80 °C in the culture collection of
Unilever Research Vlaardingen. The following sub-
stances were tested as MALDI matrices: Three different
lots of 3,5-dimethoxy-4-hydroxycinnamic acid (sinap-
inic acid, SA; two from Fluka, Buchs, Switzerland,
analysis numbers 376708/1 61498 and 47353/2 31698
and one from Aldrich, Milwaukee, WI), -cyano-4-
hydroxycinnamic acid (HCCA, Aldrich), 2,4,6-trihy-
droxyacetophenon (2,4,6-THAP, Fluka), 2,5-dihydroxy-
benozoic acid (2,5-DHB) and 2-hydroxy-5-
methoxybenzoic acid, both necessary for the matrix
mixture DHBs, (Sigma, Steinheim, Germany). All ma-
trix substances were of technical grade (i.e., 90%
purity) and were used without further purification.
Calibrating substances were renin substrate, insulin
from bovine pancreas, bovine ubiquitin, and horse
heart cytochrome c, all supplied by Sigma. Acetonitrile
was purchased from Biosolv LtD (Valkenswaard, The
Netherlands), and ethanol from Merck (Darmstadt,
Germany) both in HPLC-grade. Trifluoroacetic acid
was supplied by J.T. Baker (Deventer, The Nether-
lands).Methods
Sporulation conditions. Sporulation was obtained on
nutrient agar (Becton, Dickinson and Co., Cockeyville,
MD) supplemented with a metal mix containing
MgSO4, KCl, CaCl2, MnSO4, and FeSO4 as described by
Cazemier et al. [17]. 100 l of bacterial stock was spread
on nutrient agar plates, which were then incubated at
37 °C for five days. At this point, more than 90% of the
material consisted of phase-bright spores. These were
harvested and washed three times with sterile deion-
ized water at ambient temperature. The remaining
vegetative cells were killed by pasteurization of the
samples for 10 min at 80 °C. The concentration of spores
was microscopically quantified with a Burker-Turk
counting chamber. The quantity of colony forming units
per ml was estimated by plating serial dilutions on
trypticase soy agar (TSA, Becton, Dickinson and Co.).
The spore solutions were then stored in aqueous solu-
tions either at 4 or at 80 °C until further use. Frozen
spores were carefully thawed at 4 °C for several hours.
Schaeffer’s sporulation medium [18] and brain heart
infusion agar (BHI, Becton, Dickinson and Co.) were in
some cases used to obtain spore crops.
Wet Heat-treatment techniques. Wet heat-treatment of
aliquots of spore solutions was carried out following
two different techniques: (1) The screw-cap tube
method described by Kooiman [19] where 200 l of a
spore suspension were injected into 9.8 ml deionized
water preheated in 10 ml stainless steel screw-cap tubes
in a glycerol-bath at 120 °C. After heating for 3 min and
20 min, respectively, samples were cooled immediately
in a mix of ice and water. This technique will be referred
to as the Kooiman method throughout this study. (2) A
simpler wet heat-treatment was performed by heating
50 l aliquots of spores solutions in conventional Ep-
pendorff-reaction tubes in a water bath at 100 °C for 15
to 30 min.
Further actions on the wet heat-treated spore solutions. For
the Kooiman method, the quantity of heat-injured
spores was estimated by plating serial dilutions of
treated and untreated aliquots on TSA. Wet heat-treated
spores were microscopically requantified with a
Burker-Turk counting chamber and stored in deionized
water at either 4 °C or 80 °C and protected from light
until further analysis. All spore samples were diluted
with deionized water to a final concentration of approx-
imately 109 spores/ml for MALDI analysis. For exper-
iments dealing with the influence of concentration,
samples were diluted 1–3 times by a factor of 10 with
deionized water. Spores were washed up to three times
with deionized water.
Acidic extraction. High-mass biomarker extraction of
selected spores was performed following the protocol
of Elhanany et al. [12].
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solved in 1 ml acetonitrile/0.1% trifluoroacetic acid in
water (70:30, vol/vol). A solution of 2,4,6-THAP was
produced in acetonitrile/deionized water (50:50, vol/
vol) at a concentration of 10 mg/ml. For DHBs-matrix
mixture, nine volumes of a 20 mg/ml concentrated
2,5-DHB solution in deionized water were mixed with
one volume of a 20 mg/ml concentrated 2-hydroxy-5-
methoxybenzoic acid solution in pure ethanol.
Sample preparation. Two standard preparation tech-
niques were tested, a) the inverse two-layer standard
preparation technique (inverse two-layer method) [13,
20] and b) the so-called dried-droplet method [21].
Every sample was prepared at least in duplicate.
Instrumentation
All MALDI spectra were recorded on a TofSpec-2E TOF
mass spectrometer (Micromass, Manchester, UK) ex-
tracting positive ions in linear mode with delayed
extraction. 20 kV was applied as acceleration voltage.
Ionization was initiated with a nitrogen laser operating
at 337 nm with a repetition rate of 3 Hz. The laser
fluence was checked for selected samples and an aver-
age value was chosen for the automatic acquisition. A
mass range up to m/z 14,000 was scanned while ions up
to m/z 1000 were suppressed. Twenty spectra from
different spots were summed for each sample and each
spectrum comprised the ions of 50 laser shots. All
spectra were manually processed, e.g., background
subtraction and smoothing, using the MassLynx 3.4
software package. The external calibration was based
on renin substrate, bovine insulin, and horse heart
cytochrome c. Ubiquitin was used as an internal stan-
dard. The intensities in all shown spectra are normal-
ized with respect to the most intense peak of the shown
m/z section.
Results and Discussion
Wet Heat-Treatment as a New Releasing
Technique
As seen in Figures 1, 2, 3, and 4, wet heat-treatment
indeed enables the release of strain-specific high-mass
biomarkers from intact spores and allows their detec-
tion with MALDI-TOF-MS. Figures 1, 2, and 3 show the
biomarker pattern of three different Bacillus species: B.
subtilis strain MC85 (Figure 1), B. cereus strain PEA26
(Figure 2), and B. sporothermodurans strain IC4 (Figure
3). In each of the figures, a mass spectrum of the
untreated spore solution after pasteurization (c in the
Figures) is compared with the mass spectra of spores,
which were wet heat-treated with the Kooiman method
(120 °C) for 3 min (b in the Figures) and 20 min (a in the
Figures). Sinapinic acid and the inverse two-layer
method were used for the preparation, which turned
out as best experimental parameters (see below). Thehigh-mass biomarkers pattern obtained after wet heat-
treatment is highly reproducible; at least 95% within 10
independent experiments for both, wet heat-treatment
and MALDI-MS measurement.
In general, the spectra of untreated (i.e., only pas-
teurized) spore solutions show a large number of ran-
dom peaks in a mass range up to m/z 4000, while strain
specific peaks around m/z 4000 to 10,000 only appear
after wet heat-treatment with the Kooiman method. The
signal-to-noise ratio (S/N) ratio of these high-mass
biomarkers increased at least by a factor of 10 when
applying the Kooiman method. This observation also
holds for the other Bacillus species and strains tested
(data not shown). It was observed that spores of all
strains still had the ability to germinate after a 3 min
wet heat-treatment if they were put on a suitable
recovery medium. Experiments with strain IC4 showed
that after wet heat-treatment even more spores were
able to grow out than without wet heat-treatment (data
Figure 1. MALDI mass spectrum of pasteurized B. subtilis strain
MC85 after different duration of wet heat-treatment at 120 °C. (a)
20 min, (b) 3 min, and (c) 0 min. SA was used as matrix and the
inverse two-layer method as preparation technique. The asterisk
indicates peak of doubly charged species.
1447J Am Soc Mass Spectrom 2004, 15, 1444–1454 MALDI-TOF-MS ANALYSIS OF BACTERIAL SPORESnot shown). Longer wet heat-treatment led to a higher
die-off of the spores. Interestingly, the spectrum qual-
ity, i.e., the appearance of the high-mass biomarkers,
increased with the length of duration of wet heat-
treatment for most of the samples (e.g., Figure 2 and
Figure 3). This observation might be of advantage for
further microbiological investigations, e.g., for correlat-
ing the biomarker peak pattern to the degree of injury
and die-off of the spores. A more thorough study into
the feasibility of injury typing of wet heat-treated
spores with MALDI-TOF-MS will be presented in a
separate publication [22].
Initial experiments were performed at 120 °C be-
cause the Kooiman method routinely used in-house to
simulate preservation by wet-heat uses this tempera-
ture. It was investigated then whether temperatures
lower than 120 °C are suitable to release the strain-
specific high-mass biomarkers. This was performed by
Figure 2. MALDI mass spectrum of pasteurized B. cereus strain
PEA26 after different duration of wet heat-treatment at 120 °C. (a)
20 min, (b) 3 min, and (c) 0 min. SA was used as matrix and the
inverse two-layer method as preparation technique. The asterisk
indicates peak of doubly charged species.boiling aliquots of the spore solution in a water bath for
several minutes. As an example, Figure 4 shows the
mass spectra of the B. cereus strain PEA26 spores after
15 min wet heat-treatment at 100 °C in a boiling water
bath. Again, the peak pattern of the wet heat-treated
spores strongly differs from the untreated spores (Fig-
ure 2c) and contains the characteristic signals of the
high-mass biomarkers. The m/z values observed are
identical to those obtained with the Kooiman method,
Figure 2a and b. This observation was true for all other
strains tested (data not shown). As this technique was
applied only as an alternative to the Kooiman method,
no detailed investigation on the viability of the spores
was performed.
Average molecular masses of selected high-mass
biomarkers of each strain released by wet heat-treat-
ment techniques are given in Table 1. A standard
deviation of 200 ppm was attained for all masses by
Figure 3. MALDI mass spectrum of pasteurized B. sporothermo-
durans strain IC4 after different duration of wet heat-treatment at
120 °C. (a) 20 min, (b) 3 min, and (c) 0 min. SA was used as matrix
and the inverse two-layer method as preparation technique. The
asterisk indicates peak of doubly charged species, M indicates
peak due to matrix adduction.
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laboratory congruence was found also for different
strains (MC85 and RL45) of B. subtilis showing peaks at
m/z 6849, 6955, 7485, 7730, and 9166.
So far, the detection of high-mass biomarkers di-
rectly from intact bacterial spores was only possible by
treating the spores with sonication or corona plasma
discharge (CPD). These techniques were introduced
and successfully applied by the group of Fenselau [11,
14]. These techniques have not been applied in our
work. Elhanany suggested to release high-mass biomar-
kers from the spores by acidic extraction in a solution of
ACN/0.1%TFA (30/70 vol/vol) for 10 min at room
temperature [12]. Although this was repeatedly applied
to our bacterial spores, we were not able to obtain mass
spectra containing signals of high-mass biomarkers
with this technique (data not shown). Compared with
our wet heat-treatment techniques, the conditions ap-
plied with CPD, sonication, and acidic extraction are
quite harsh, leading to changes or mechanical destruc-
tion of the spore wall [11, 12, 15, 23]. On the contrary,
wet heat-treatment did not lead to changes of the spore
Figure 4. MALDI mass spectrum of B. cereus strain PEA26 after
wet heat-treated at 100 °C for 15 min. SA was used as matrix and
the inverse two-layer method as preparation technique. The
asterisk indicates peak of doubly charged species.
Table 1. Observed average masses of high-mass biomarkers for
masses have a standard deviation of 200 ppm (at least 10 measur
ppm) observed for different strains are given in bold.
B. subtilis
MC85 RL45 EMG 168 [14] 168 [12]
5086 5085 4585
5196 5140
5391 5961 5802
6290 6289
6673 6673
6850 6849 6847
6944 6955 6949 6939
7485 7485
7731 7730
7955
8796 8767
9166 9165 9136membrane as evidenced by microscopic inspection dur-
ing counting. In a recent study, Leuschner et al. showed
that the outer spore wall remained intact after wet
heat-treatment for several hours at 60 °C to 80 °C [24].
Therefore, wet heat-treatment appears to be much
milder and allows further investigations of the intact
spores.
Selected masses of similar strains measured with the
CPD-technique or after acidic extraction are listed in
Table 1 for comparison [12, 14]. m/z Values found
within a deviation of 500 ppm for different strains are
given in bold. For instance, the m/z values of high-mass
biomarkers of the B. cereus strain PEA26 at m/z 6695,
6834, 7450, and 7081 obtained with both of our wet
heat-treatment techniques (Figures 2 and 4) are identi-
cal to those of B. cereus strain B33 obtained with CPD
[14]. Some of the other peaks were also identified by
CPD or acidic extraction [12, 14]. Unfortunately, no data
of B. sporothermodurans were available in literature.
However, notable differences in peak patterns are ob-
served for identical species but different strains. This
cannot be explained just by general measurement inac-
curacy. It is speculated that these discrepancies are
resulting from strain-specific properties of the high-
mass biomarkers within a bacterial species. It is, there-
fore, assumed that the high-mass biomarker peak pat-
tern released by wet heat-treatment can serve well for
obtaining specific fingerprints of individual bacterial
strains.
Recently, the high-mass biomarkers found by
MALDI analysis after CPD treatment could be linked to
masses of so-called small acid-soluble protein (SASPs)
published in protein databases [13–15]. Based on the
strong similarity of m/z pattern we speculate that the
high-mass biomarkers released by our wet heat-treat-
ment techniques also represent SASPs. It is, however,
very surprising that short wet heat-treatment releases
SASPs from the spore core, which is surrounded by
several strong layers, e.g., the coat and further mem-
branes [9, 25]. Further investigation to understand the
lus strains with SA as matrix and inverse two-layer method. All
ts). Biomarker peaks with a similar mass (deviation with 500
B. cereus B. sporothermodurans
26 B33 [14] T [12] IC4
8
4 4333
4833 4952
2 6362 5441
5 6695 6698
5 6834 6820 6803
1 7082 7065 7158
2 7451
7 9519Bacil
emen
PEA
334
431
549
669
683
708
745
950
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heat-treatment is, therefore, necessary.
Nevertheless, our wet heat-treatment techniques are
suitable and more gentle alternatives to release high-
mass biomarker molecules for the analysis with
MALDI-MS from intact bacterial spores. Wet heat-
treatment, especially in a water bath, is a simple proce-
dure to provide strain-specific fingerprints which can
be carried out reproducibly and without specialized
equipment in any laboratory. Using this method in
further investigations might provide new opportunities
to understand the spore biophysics by correlating the
peak pattern to other spores- or strain-specific data,
such as the viability of the spores after wet heat-
treatment.
Influences of Mass Spectrometric Parameters
Several different parameters of the mass spectrometric
handling were tested for their possible influence on the
peak pattern in MALDI spectra using wet heat-treat-
ment as high-mass biomarker releasing technique.
MALDI-Preparation Techniques
It is well known that the quality of a MALDI spectrum
crucially depends on the combination of the matrix
chosen and the sample preparation technique applied.
Two preparation techniques, the inverse two-layer
method and the dried-droplet method, frequently used
in literature were tested in combination with SA and
DHBs as matrix substances [11, 13–15, 26–33]. Our
results were compared with respect to spectrum qual-
ity, e.g., S/N ratio, matrix background, and spectral
reproducibility (spot-to-spot and preparation-to-prepa-
ration).
Inverse-two layer. Here, the morphology of the prepa-
ration is strongly determined by the first layer of spore
solution. Most of the spore suspensions left a circle with
a thin homogeneous inner part and a thick outer rim.
Only spores of strain PEA26 formed clusters on the
target, which can be explained by the more hydropho-
bic surface of B. cereus spores compared with other
Bacillus species [34, 35]. After addition of the matrix
solution, the preparation morphology became very ho-
mogeneous if SA was used as matrix substance. Good
quality mass spectra were achieved with excellent prep-
aration-to-preparation reproducibility and with good
spot-to-spot reproducibility for the microcrystalline in-
ner part (data not shown). In contrast, DHBs formed
large crystals on top of the preparation rim and a
microcrystalline inner part. It should be noted that the
quality of the crystals at the preparation rim is worse
than for conventional DHBs preparations when used
for the analysis of standards (neat protein solutions).
Good quality spectra were obtained from certain crys-
tals of the rim, whereas the inner part delivered spectrawith unacceptable high background signals and a poor
S/N ratio.
Dried-droplet. The resulting morphology was more ho-
mogeneous for both matrices over the entire area due to
the missing rim of dried spores, but more macrocrys-
talline, especially with bigger crystals at the rim of the
preparation. For SA, this preparation technique pro-
vided comparable results in terms of spectra quality
and preparation-to-preparation reproducibility and
was worse with respect to spot-to-spot reproducibility
than the inverse two-layer method. For DHBs, this
preparation technique was unsuccessful because the
crystallization process was disturbed and larger crystals
could not be established; no mass spectra of good
quality could be obtained. Consequently, it was decided
to use the inverse two-layer method as standard exper-
imental conditions for studies towards MALDI-MS
analysis of wet heat-treated spores.
Choice of MALDI-Matrix
SA was tested as matrix substance first because it is
commonly used for the analysis of high-mass biomar-
kers in literature [12–15, 36]. In addition, other standard
matrices were tested, which are known for their differ-
ing properties as matrix substance. HCCA was chosen
as an alternative matrix for SA [37], 2,4,6-THAP because
of its suitability for the analysis of fragile molecules
such as oligonucleotides and non-covalent complexes
[38, 39]. DHBs was the last matrix tested. This matrix
mixture is known for its versatility and its properties
are studied best next to those of SA [21, 30, 32, 40–45].
As an example, Figure 5 shows mass spectra of a B.
subtilis strain RL45 after wet heat-treatment with the
Kooiman method (20 min at 120 °C) using different
matrix substances. The inverse two-layer method was
used for all matrices. It is notable that there is a strong
influence of the matrix on the peak pattern of the
high-mass biomarkers for the identical sample solution.
Although some differences could be expected, this
strong matrix effect is remarkable. The mass spectrum
with SA as matrix (Figure 5a) is similar to that of B.
subtilis strain MC85 in Figure 1a), which can be ex-
plained by the close relation of the two strains RL45 and
MC85. The mass spectrum with HCCA as matrix (Fig-
ure 5b) shows much more peaks in the lower m/z range,
e.g., m/z 3387, 5031, 5195, 5297, and 5803, while some
major peaks in the higher m/z range are missing, e.g.,
m/z 7730 and 7955. The intensity pattern of the major
peaks (m/z 6955, 7485, and 9166) is comparable with that
obtained with SA as matrix. 2,4,6-THAP shows a mass
spectrum (Figure 5c) dominated by peaks at m/z 5961,
7730, and 9166 together with their doubly charged
species. DHBs provides a peak pattern highly compa-
rable to that obtained with SA but with additional
peaks in the m/z range 9000 to 10,000 (Figure 5d). These
peaks can not be explained by matrix adducts because
(1) the differences in m/z values (198 and 355) are not
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equivalent adducts of the other peaks in lower m/z
range are missing. The major high-mass biomarker
masses are added to Table 1 for comparison of the
different strains analyzed.
Unfortunately, only little is known about matrix
effects in the analysis of intact bacterial spores. El-
hanany et al. who compared SA and HCCA observed a
similar behavior during the analysis of spore extracts:
HCCA generally tends to give mass spectra in which
biomarkers with lower masses are more pronounced
Figure 5. Influence of the matrix on MALDI mass spectra of wet
heat-treated (20 min at 120 °C) B. subtilis strain RL45. The follow-
ing matrices were used: (a) SA, (b) HCCA, (c) 2,4,6-THAP, and (d)
DHBs. The two-layer method was used as preparation technique.
The asterisk indicates peak of doubly charged species.while SA appears to be more suitable for high-mass
biomarkers [12]. Our observations are in good agree-
ment to this. Ramirez and Fenselau investigated the
influence of SA, HCCA, and 2,5-DHB on the peak
broadening of biomarkers desorbed from spores of B.
thuringiensis [46]. As they used a low mass lipopeptide
(Kurstakin, 906.2u) as biomarker molecule, no compa-
rable data for the high-mass biomarkers are available.
For the analysis of fungal spores, inconsistent results
are described for the influence of matrices on the mass
spectrum. Armiri et al. compared SA, HCCA, ferulic
acid, 3-hydroxypicolinic acid, and 2,5-DHB with the
conclusion that SA performs best and 2,5-DHB worst
[47], whereas Valentine et al. found ferulic acid to be a
better matrix than SA [48]. Li et al. who studied
amongst others the feasibility of SA and HCCA, de-
scribed that both matrices are equally suitable for the
analysis of fungal spores [49]. Welham et al. chose SA
and 2,5-DHB as best matrices, especially for detecting
high-mass biomarkers. They describe 2,6-dihydroxyace-
tophenon, which is an alternative for 2,4,6-THAP, as an
unsuitable matrix [50]. Similar inconsistent observa-
tions are described for the analysis of whole bacterial
cells [8, 27, 28, 51–54]. Unfortunately, these results are
difficult to compare due to strong structural differences
between bacterial spores and their vegetative cells or
fungal spores. However, not only different matrices
lead to different results. It was observed reproducibly
that different batches, i.e., different suppliers and lots,
of the same matrix substance lead to different peak
pattern—for example dramatically different S/N ratio
(spectra not shown). Nevertheless, these controversial
findings show that the selection of matrix for the
MALDI-MS analysis of complex biomaterials, is diffi-
cult. Even in (more fundamental) studies of much
simpler systems—like the analysis of just one pro-
tein—it is still unclear which experimental conditions
are necessary for a successful and reproducible MALDI
process [30, 31, 55, 56]. Until this process is understood
in more detail, a careful standardization and detailed
description of matrix choice and sample preparation
technique is required.
Sample Concentration
In a recent study, a dramatic influence of slight varia-
tions in sample concentration on the peak appearance in
the MALDI spectra of intact bacterial cells was de-
scribed [8]. As it is unknown how much biomarker
material is accessible from the intact spores after the wet
heat-treatment and whether a comparable amount is
released for every strain, it was investigated how the
peak patterns change with spore concentration. Series
of ten-time dilutions were prepared for selected sam-
ples of different wet heat-treated strains starting with a
concentration of approximately 109 spores/ml. As an
example a typical high-mass biomarker peak pattern is
given in Figure 6. The peak pattern appeared to be
stable over a concentration range of at least one order of
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concentration is in the same range as used by Hathout
et al. (2.4  108 spores/ml) [13]. A decrease in concen-
tration led to a proportional decrease in the S/N ratio.
This is in good agreement with the general behavior in
MALDI-MS, e.g., for pure protein solutions. Based on
these observations, the suitability of MALDI-MS for
quantitative analysis of the peak pattern in the analysis
of intact bacterial spores can be speculated. A more
Figure 6. Influence of the concentration on MALDI mass spectra
of untreated and wet heat-treated (3 min at 120 °C) B. subtilis
strain RL45. 10-fold dilutions were used as follows: (a) original
concentration of about 109 spores/ml, (b) 1:10 dilution, (c) 1:100,
and (d) 1:1000. SA was used as matrix and the inverse two-layer
method as preparation technique. The asterisk indicates peaks of
doubly charged species.comprehensive study concerning this subject is in prep-
aration [22].
Influence of Microbiological Parameters
The influence of different microbiological handling of
spores, e.g., sporulation medium, washing procedure,
and storage, was examined as these parameters might
influence the high-mass biomarker peak pattern.
Sporulation Media
In order to get a first impression whether the sporula-
tion medium has an influence on the peak pattern, two
Bacilli strains (MC85 and PEA26) were grown and
sporulated on three different media (nutrient agar,
Schaeffer’s, BHI). The harvested spores were wet heat-
treated by boiling aliquots for 20 min at 100 °C to
release the biomarkers. They were analyzed by means
of SA and the inverse two-layer method. The results
differ for the two Bacillus species tested. While the
growth medium did not seem to have an influence on
the peak pattern of PEA26 (data not shown), the peak
pattern of MC85 changes with the used sporulation
medium as seen in Figure 7. In general, the spectra
differ dramatically in peak appearance as well as in
relative peak intensity. This behavior is in good agree-
ment with observations made by Ryzhov et al. who
compared the peak pattern of B. thuringiensis subsp.
kurstaki and B. cereus sporulated on three different
media for high-mass biomarker [14]. This effect makes
it more difficult to compare the high-mass biomarker
peak pattern of spores, even if species and strain are
similar or even identical. A further standardization of
the growth conditions might be helpful in inter-labora-
tory comparisons. Nevertheless, a more thorough study
is needed to evaluate this influence for the feasibility of
spectral analysis by library searching. Here, the addi-
tion of reference spectra for each medium can be a first
approach as suggested by Ryzhov et al. [14]. However,
this is limited to standardized microbiological growth
media and, for instance, will fall short for spores formed
in industrial food production.
Washing Procedure After Wet Heat-Treatment
A probable future application of the MALDI-MS anal-
ysis would be the detection of intact bacterial spores in
food products. Here, components of the food matrix
might be absorbed on the spore surface and interfere
with the analysis of the high-mass biomarker peak
pattern. Therefore, a cleaning procedure has to be
performed. The high-mass biomarker peak patterns of
unwashed wet heat-treated spores were compared to
those obtained after washing the wet heat-treated
spores up to three times with deionized water. In
general, the same peaks can be found for both, washed
and unwashed, samples but the relative peak intensities
of high-mass biomarkers can be influenced by the
1452 HORNEFFER ET AL. J Am Soc Mass Spectrom 2004, 15, 1444–1454washing procedure quite dramatic. This effect appeared
to be strain-specific. While the high-mass peak pattern
was stable for spores of B. cereus strain PEA26 the
high-mass biomarkers appearing at m/z 6955 and 7485
of B. subtilis strain MC85 could be washed off easily
(data not shown). Similar to Hathout et al. who con-
cluded that the washing-off by organic solvents is
related to the lipophilic character of the other high-mass
biomarker molecules [13], we explain the observed
behavior by the hydrophilic character of the SASPs.
Storage Conditions
Aliquots of untreated and wet heat-treated spore solu-
tions were stored at 4 °C and 80 °C for at least a
month. Then, the frozen spore solutions were thawed
and analyzed by MALDI-MS. No differences in peak
pattern were observed for the different storage condi-
tions (data not shown).
Figure 7. Influence of the growth medium on MALDI mass
spectra of wet heat-treated (20 min at 120 °C) B. subtilis strain
MC85. Growth media are, (a) nutrient agar, (b) BHI, and (c)
Schaeffer’s sporulation medium. SA was used as matrix and the
inverse two-layer method as preparation technique. The asterisk
indicates peak of doubly charged species.Conclusions
This study presented short wet heat-treatment as a new
technique to release high-mass biomarkers to obtain
fingerprints of intact bacterial spores by MALDI-MS.
This new releasing technique is straightforward and
easily applicable in every laboratory. It appears to be
less destructive than other techniques applied so far,
which allows further investigation of the spores. The
influence of specific experimental changes, e.g., choice
of matrix and sample preparation, and microbiological
handling, e.g., use of sporulation media, on the final
high-mass biomarker peak pattern after wet heat-treat-
ment as releasing technique was shown to be substan-
tial. Standardized protocols can be a first opportunity to
enable inter-laboratory comparison and automatic in-
dustrial application. Our results revealed that a wet
heat-treatment of bacterial spores at 100 °C for 10 to 20
min and subsequent analysis using the inverse two-
layer method and SA lead to mass spectra of appropri-
ate quality reproducibly. Irrespective which releasing
technique is used, the observed high-mass biomarkers
seem to belong to the group of small, acid-soluble
proteins, the SASPs, which seem to be very good
markers for routine taxonomy of bacterial spores.
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